To interrelate in vivo wall shear stress, endothelial microfilament bundle formation, and atherosclerosis localization, we used a mild abdominal aortic stenosis in 11 beagles to produce a range of wall shear stresses above and below the constriction. Six of the beagles were fed standard animal chow supplemented with 5% cholesterol and 10% coconut oil. Wall shear stresses, endothelial microfilament bundles, and intimal plaque localization were assessed along the stenosed aorta. Shear stress was determined in vivo from the near-wall velocity profiles with a 20-MHz, 80 -channel, multigate Doppler velocimeter. Content of the microfilament bundles was quantified by planimetry of transmission electron photomicrographs. After 6 weeks, mean shear stress was higher immediately upstream from the throat of the stenosis than at the proximal site (46.1 ± 7 J dynes/cm 2 versus 24.0±6.2 dynes/cm 2 , p<0.001) and was significantly lower immediately distal to the stenosis than at the proximal site (9.4 ±0.3 dynes/cm 2 , /><0.01). The microfilament bundle content increased immediately upstream from the throat of the stenosis and decreased immediately distal to the stenosis compared with the proximal site in both normocholesterolemic and hypercholesterolemic fat-fed beagles. Intimal plaques formed exclusively immediately distal to the stenosis in the hypercholesterolemic beagles. These findings suggest that a low shear-stress environment attenuates endothelial microfilament bundle formation, thus leading to a predilection for the initiation of atherosclerosis in atherogenic conditions such as hypercholesterolemia. (Arteriosclerosis and Thrombosis 
tion of lesions suggests a role for hemodynamic factors (particularly low shear stress) in the initiation and localization of atherosclerosis, 1 
"
4 the role of hemodynamic factors is still controversial, partly because of the unavailability of detailed in vivo measurements of shear stress.
In the process of atherogenesis, the appearance of injured and/or dysfunctional endothelial cells is considered as an initial event. 5 Recently, microfilaments in endothelial cells have been shown to be important in the repair of the endothelium 6 -8 as well as in the maintenance of endothelial integrity. 910 Furthermore, flow-related shear stress has been reported to induce microfilament bundles or stress fibers in cultured endothelial cells. 10 - 14 More recently, Kim et al 15 demonstrated that at arterial branch sites, stress fibers were prominent at the flow divider, where shear stresses are expected to be high. These inves-tigators also introduced a coarctation in the aortas of rabbits, demonstrating that in vivo microfilament distribution can be modulated by experimentally altering flow conditions. 16 Thus, in vivo shear stress may modulate endothelial microfilament bundles, which thereby modify endothelial functions such as maintenance of a permeability barrier. Low shearstress conditions may subsequently attenuate the formation of endothelial microfilament bundles, and the reduction of microfilament bundles may then suppress endothelial function, leading to the initiation of atherosclerosis in atherogenic conditions such as hypercholesterolemia.
Although the nature of flow can be predicted on the basis of theoretical considerations and the data from hydraulic models, in vivo pulsatile flow is far more complex than the in vitro steady-flow model. No study has been conducted that compares the shear stress measured directly in vivo and the distribution of endothelial microfilament bundles. Using a 20-MHz, 80-channel, pulsed-Doppler velocimeter and a microcomputer, we developed an ultrasonic Doppler system that enabled us to obtain in vivo flow velocity profiles near the vessel wall, from which in vivo shear stresses could be calculated. Thus, the purposes of this study were to 1) measure in vivo altered shear stresses along the stenosed aortas with the high-resolution, multigate, pulsed-Doppler technique and 2) investigate the relations among in vivo shear stresses, endothelial microfilament bundle distribution, and intimal plaque formation.
Methods

Experimental Animals and Surgical Procedures
Eleven beagles weighing 8-11 kg were used in this study. The animals were fully anesthetized with sodium pentobarbital (30 mg/kg body wt i.v.) during surgery. During the surgical procedure, isotonic Ringer's solution was infused (2 ml/min), and respiration was maintained by a Harvard-type respirator ( model R-60, Aika, Tokyo, Japan; tidal volume=180 ml; 16 strokes/min). Surgery was performed under sterile conditions in the surgical suite at the animal care facilities. The midabdominal aorta was exposed by a midline incision. A 0 silk suture was passed under the aorta 5 cm caudal to the origin of the left renal artery and was then tied to constrict the aorta. The peak flow velocity at the stenosis was measured with a 20-MHz, multigate, pulsed-Doppler velocimeter as described in the "Doppler Studies" section, and the suture was tightened until the peak flow velocity at the stenosis increased by approximately 80%, which consequently decreased the luminal diameter by 25%. Then, the incision was closed. Five beagles were fed with standard dry dog chow (Oriental Kobo Kogyo, Japan), and the other six were fed dry dog chow supplemented with 5% cholesterol and 10% coconut oil. The composition of the standard chow was 46% starch, 28% protein, 9% fat, 7% minerals, 7% water, and 3% dietary fiber. The dogs were kept under sanitary conditions, with free access to water, in the animal care facilities for 6 weeks. After the animals had fully recovered, a daily walk was provided by the investigators. Plasma cholesterol concentration was measured with a standard enzymatic method (Hitachi autoanalyzer model 736-40, Tokyo, Japan). Plasma cholesterol concentration in the beagles fed the standard chow versus the concentration in those fed the fat-supplemented chow was 148 ±27 (mean±SD) versus 131 ±14 mg/dl at the beginning of the study (p=NS), 147±31 versus 319±55 mg/dl after 3 weeks (/?<0.001), and 147±47 versus 315±59 mg/dl after 6 weeks (/><0.001).
Doppler Studies
High-resolution, pulsed-Doppler velocimeter. We used a high-frequency, multigate, pulsed-Doppler velocimeter (model ME-110A, Fujitsu Laboratories, Kawasaki, Japan), designed to achieve high spatial resolution, to obtain blood flow-velocity profiles in the canine aorta. The detailed specifications of the apparatus and the accuracy of the blood flow measurements have been described elsewhere. Blood flow measurements. After 6 weeks, the animals were again fully anesthetized, and the stenosed aortas were exposed as described previously. The sites 10 mm proximal to the stenosis, immediately upstream from the throat of the stenosis, and immediately distal to the stenosis were chosen for blood flow measurements. The transducer was placed at a 60° angle to the vessel wall using a plastic cuff. Care was taken not to change the shape and direction of the vessel. The data obtained were stored on floppy disks using a microcomputer (model FM-11, Fujitsu) for the calculation of shear stress.
Calculation of shear stress. The instantaneous velocity profiles near the ventral wall were reconstructed by applying a second-order polynomial regression analysis to the four or five point flow-velocity data nearest the ventral wall. Each curve fit allowed an accurate (r>0.98) approximation of the near-wall velocity profile. The site of zero velocity was considered to be the location of the arterial wall. The shear rate (sec" 1 ) at the wall was calculated from the fitted curves as the velocity gradient (dv/dx) at the site of zero velocity (Figure 1 
Histology
Preparation of tissue for electron microscopy. Soon after the flow measurements were made, the animals were perfusion fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 15 minutes at a pressure of 80 mm Hg. The stenosed midabdominal aorta was gently excised and trimmed of adventitia. Tissue segments 5-6 mm long were obtained from the area 10 mm proximal to the stenosis and from the area including the stenosis. The tissue segments were opened lengthwise along the dorsal side. This allowed us to observe the ventral endothelial surface, which was free of branches, and along which the shear stress had been measured. The tissue segments were further divided lengthwise and immersed in the same fixative overnight at 4°C, rinsed in 0.1 M cacodylate buffer, postfixed in 1% OsO 4 in 0.1 M cacodylate buffer for 2 hours at 4°C, dehydrated with a series of graded concentrations of ethanol, and then embedded in Epon 812, Taab Laboratories Equipment, Berkshire, U.K. Thin sections were stained with uranyl acetate and lead citrate and examined on a transmission electron microscope (JEM-100CX, JEOL, Tokyo, Japan).
Morphometric evaluation of endothelial microfilament bundles. Transmission electron photomicrographs (x 20,000) of endothelial cells from the tissue samples 10 mm proximal to the stenosis, immediately upstream from the throat of the stenosis, and immediately distal to the stenosis were analyzed using a graphics tablet (model KD4030A, Graphtec, Tokyo, Japan) with microcomputer software (PC-9801VX4, NEC, Tokyo, Japan). The area of microfilament bundles in an endothelial cell was morphometrically defined on the electron photomicrographs as the area where more than five filamentous and/or dot-like structures of 6-7 nm diameter were assembled together, and the integrated area (F) was measured. The area of the whole cell (C) was also measured on the photomicrographs, and the F/C ratio was calculated. Ten consecutive cells were analyzed and averaged for each site at which the flow was measured.
Determination of the localization of intimal plaques. To characterize the intimal plaque localization near the stenosis, the tissue samples of the ventral wall were sectioned, stained with Toluidine Blue, and examined with a low-power light microscope before the tissues were trimmed for electron microscopy. The intima on the sections was surveyed from 13 mm proximal to the stenosis to 5 mm distal to the stenosis.
Statistical Analysis
Numerical data were analyzed by analysis of variance and paired or unpaired / test. Linear regression analysis was performed between shear stress and F/C. The level of statistical significance was/?<0.05.
Results
Doppler Studies
Flow-velocity profiles. Representative flow-velocity profiles at the peak of the centerline velocity are shown in Figure 2 . The peak flow-velocity profile at 10 mm proximal to the stenosis showed an axisymmetric, flat pattern. Immediately upstream from the throat of the stenosis, the peak flow-velocity profile was also axisymmetric, accompanied by an increase in the centerline flow velocity due to the narrowing of the vessel. In contrast, the flow-velocity profile immediately distal to the stenosis showed a complex pattern, with a relatively low velocity gradient near the wall as compared with the proximal regions. All the beagles demonstrated identical proximal-to-distal changes in velocity profiles along the stenosed aorta. (Figure 3) .
Histology
Electron photomicrographs. The endothelial cells 10 mm proximal to the stenosis were flat and had a small amount of microfilament bundles in the cytoplasm near the basement membrane. The microfilament bundles were oriented in the direction of flow. Immediately upstream from the throat of the stenosis, the cells were more elongated, and large microfilament bundles appeared not only in the cytoplasm near the basement membrane but also near the luminal side; both were oriented in the direction of flow. Tight junctions between these cells were well developed and associated with microfilament bundles. In contrast, the cells immediately distal to the stenosis were relatively round, and microfilament bundles were rarely observed except for small bundles near the basement membrane. Tight junctions between these cells were not so well developed compared with the cells immediately upstream from the stenosis (Figure 4) .
Morphometric data. Changes in the ratio of the integrated area of microfilament bundles to the area of the whole cell (F/C) along the stenosed aortas are shown in Figure 5 . The F/C ratio was significantly higher immediately upstream of the throat of the stenosis and was significantly lower immediately distal to the stenosis than the proximal site (p<0.001). A positive correlation (r=0.94, p<0.001) was noted between the levels of shear stress and F/C (Figure 6) .
Intimal plaques. A series of low-power light microscopic examinations revealed no intimal plaques on the samples proximal to the stenoses. Intimal plaques were exclusively observed immediately distal to the stenoses on the samples of all hypercholesterolemic fat-fed beagles ( Figure 7) . By electron microscopy, smooth muscle cells were shown to be the major cell components of these plaques (Figure 8 ). In contrast, there were no intimal plaques immediately distal to the stenoses in the beagles fed the standard chow.
Discussion
In vivo shear stress was assessed along the stenosed canine aorta using a 20-MHz, 80-channel, multigate, pulsed-Doppler technique to study the relations among shear stress, endothelial microfilament bundle distribution, and intimal plaque formation. Endothelial microfilament bundles increased under conditions of elevated shear stress and significantly decreased in low shear-stress conditions in the normocholesterolemic as well as in the hypercholesterolemic fat-fed beagles. Intimal plaques formed in the low-shear region near the stenosis in the hypercholesterolemic beagles. These results suggest that a low shear-stress environment attenuates the formation of endothelial microfilament bundles, possibly leading to a high predilection for intimal plaque formation, especially in the hypercholesterolemic condition.
Ultrasound pulsed-Doppler velocimeters are useful for measuring local blood flow noninvasively. A conventional pulsed-Doppler velocimeter with a limited number of channels of measurement, however, cannot obtain detailed blood velocity profiles of small vessels. Kajiya et al 17 developed a 20-MHz, 80-channel, pulsed-Doppler velocimeter that detects Doppler signals from 80 points simultaneously. This apparatus was validated by measuring the known velocity of water in the circular groove of a turntable rotating at various speeds 18 as well as by measuring the velocity profile of water flow in a circular model tube. 19 We used this apparatus in this study to obtain instantaneous flow-velocity profiles near the vessel wall, and the velocity data were provided for shear- rate calculation. We could thereby delineate the phasic changes in shear stress as well as time-averaged mean shear stresses along the canine aorta in vivo.
In this study, increased and decreased shear stress conditions in vivo were produced by introducing a mild stenosis in the abdominal aorta of beagles. Similar models were used in several earlier studies. Zarins et al 4 studied local effects of stenoses on atherogenesis in monkeys and concluded that increased flow velocity might exert a protective effect. Langille et al 20 introduced abdominal aortic coarctations in rabbits and suggested that the hemodynamic factors might influence endothelial repair. Levesque et al 21 also used a stenosed dog aorta, and they reported that shear stress and endothelial cell shape were correlated. Those earlier studies developed an excellent experimental model for modulating shear stress in vivo but failed to measure shear stress directly in vivo. Since in vivo pulsatile flow has a complex nature, particularly near bifurcations or stenoses, the steady Poiseuille flow assumption might not provide a good approximation in these areas. Hence, in this study, we directly measured in vivo flow-velocity profiles using a high-resolution, 80-channel, pulsed-Doppler technique, from which we calculated shear stress.
Endothelial microfilament bundles are considered an important cytoskeletal structure that supports the cell membrane and maintains cell shape, and these bundles have been shown to increase in number in vitro when cultured cells are exposed to shear stress. The in vivo distribution of microfilament bundles has also been studied by several groups. 
PROXIMAL STENOSIS DISTAL FIGURE 5. Bar graph of morphometric data of the distribution of microfilament bundles in endothelial cells among the stenosed aortas. F/C denotes the extent of microfilament bundle distribution (%) in endothelial cells. See text for further details. F/C was highest immediately upstream from the throat of the stenosis (STENOSIS), was lowest immediately distal to the stenosis (DISTAL), and was intermediate at the proximal site (PROXIMAL).
be widely distributed in the aorta and oriented in the direction of flow, while in the inferior vena cava, where shear stress is presumably low, very few microfilaments have been noted, with no preferred orientation. 23 An arteriovenous shunt method was used by another group to show an increase in the amount of endothelial microfilaments in vivo, associated with the elevated shear stress. 25 More recently, Kim et al 15 reported that endothelial microfilaments were abundant at the flow divider in rabbits. They also introduced an aortic stenosis in rabbits and demonstrated that very long and thick microfilament bundles in the endothelial cells were formed immediately upstream from the stenosis and also distal to the stenosis where mild elevations of shear stress might occur. 16 Zand et al 26 independently reported an increase in endothelial stress fibers at the throat of a stenosis that had been produced by applying a metal clip to the abdominal aortas of rats. The data from these studies suggest that local hemodynamic factors, particularly shear stress, influence the abundance of endothelial microfilament bundles. Nevertheless, this conclusion has remained, to some extent, speculative, due to the lack of quantitative data of in vivo pulsatile flow.
We investigated localization of the intimal plaques along the stenosed aortas of hypercholesterolemic beagles in this study. Intimal plaques were formed at the sites exposed to low shear stress exclusively in hypercholesterolemic beagles. The loss of endothelial microfilament bundles under low-shear conditions was commonly observed in the normocholesterolemic as well as in the hypercholesterolemic beagles, regardless of the presence of plaques. Hence, the loss of microfilament bundles cannot be secondary to plaque formation.
Mechanisms responsible for promoting intimal plaque formation with the loss of endothelial microfilament bundles under low-shear conditions still remain unclear. Sato et al 27 used a micropipet technique to study the mechanical properties of cultured bovine aortic endothelial cells exposed to shear stress and found that cells exposed to shear stress are mechanically stiffer than control cells. The increase in stiffness may strengthen endothelial integrity, which may protect against atherosclerosis. Alternatively, microfilament bundles may modulate endothelial permeability. The exposure to cytochalasin B or the removal of extracellular Ca 2+ disrupted the cytoplasmic microfilaments in MDCK cell monolayers, opened cell junctions, and abolished electric resistance; these effects were fully reversible. 28 Cytochalasin B-or D-exposed endothelial cell monolayers revealed the disruption of microfilament bundles and a twofold to threefold increase in endothelial permeability that was also reversible. 29 Ethchlorvynol, an agent that creates pulmonary edema, was reported to destroy the integrity of endothelial microfilaments by creating gaps between the cells. 30 In contrast, phalloidin, 31 phallacidin, 32 and serotonin, 33 which all induce polymerization of actin, were shown to enhance endothelial junctional barrier function by assembly of actin filaments. Thus, it might be expected that in an early stage of atherogenesis, the cytoskeleton of endothelial cells could play a pivotal role in determining the permeability of endothelium to macromolecules and/or migrating cells such as monocytes. In this respect, endothelial cells exposed to physiological shear stress would have highly developed pytoskeletal structure as an adaptation to their mechanical stress environment, which could suppress endothelial permeability. In low-shear regions, therefore, the influx of macromolecules such as low density lipoproteins or cellular components like monocytes might have increased, leading to a higher predilection for the initiation and localization of atherosclerosis.
There was a positive correlation between wall shear stress and the content of microfilament bundles in our model. Other mechanical factors, such as blood pressure, for example, tensile stress, and/or shear stress oscillation, which were not measured in this study, might also influence cell morphology. The pressure drop across the stenosis, however, was estimated at less than 5 mm Hg from the centerline velocity data in our model; hence, our results cannot be explained solely by the changes in blood pressure or tensile stress.
The reduction of microfilament bundles in the low-shear region was associated with intimal plaque formation in the hypercholesterolemic beagles. Although several in vitro studies support the notion that endothelial microfilaments are important in the control of endothelial permeability, it remains speculative whether the reduction of endothelial microfilament bundles is causally related to intimal plaque formation. Further studies are needed to test this hypothesis by measuring the in vivo permeability of the endothehum to lipids and/or migrating cells.
We used a standard thin-section transmission electron microscopic technique to evaluate the presence of endothelial microfilament bundles. This technique might not be suitable for continuous cell-to-cell observations of the endothelium since the observation fields are limited to small areas when compared with a more sophisticated en face rhodamine phalloidin technique, 15 with which endothelial microfilaments are continuously observed cell-to-cell even at curvatures or branch points of vessels. Transmission electron microscopy, however, provides us information not only about the content of microfilament bundles but also about the fine localization and structures within the cell, such as whether the bundles are in luminal or abluminal areas or whether the bundles are associated with the cell junction or the basement membrane. We used this technique because the information about the limited areas at which the flow was measured was sufficient for the purpose of this study. Immediately upstream from the stenosis where the shear stress was elevated, large microfilament bundles appeared in the luminal as well as in the abluminal side and were considered comparable to stress fibers in cultured cells exposed to shear stress. Kim et al 15 -16 demonstrated that in rabbits, high shear-stress conditions produced an increase in the thickness of microfilaments near the basement membrane, with a disappearance of the continuous circumferential band of microfilaments. Although we observed that the microfilaments associated with the cell-to-cell junctions did not disappear under the high shear-stress condition in our model, we cannot quantitatively assess the circumferential microfilament bundles by transmission electron microscopy.
In summary, this study showed that in vivo alterations in endothelial morphology, particularly microfilament bundle distribution and intimal plaque formation, occurred in conjunction with experimentally altered shear stresses. Although changes in endothelial function such as junctional transport still await clarification, the present study suggests a possible link between local hemodynamic forces and the initiation and localization of atherosclerosis.
